We consider spin accumulation at a ferromagnet-normal metal interface in the presence of magnetic scattering in the normal metal. In the classical regime, we discuss the inverse Drude scaling of the conductance as a function of the interface transparencies. We present a treatment based on an exact solution of the Boltzmann equation. In the quantum regime, we solve a single impurity "spin-flip Fabry Perot interferometer" for quantum coherent multiple scatterings, in which we find a resonance in the spin flip channels. This resonance appears to be the quantum analog of the semi classical inverse Drude scaling of the conductance. * U.P.R. 5001 du CNRS, Laboratoire conventionné avec l'Université Joseph Fourier † U.M.R. CNRS 5672
Introduction
The discovery of the Giant Magneto Resistance (GMR) in magnetic multilayers [1, 2, 3] has generated an important interest. These systems are made of a sandwich of alternating ferromagnetic and non magnetic layers. Valet and Fert proposed a semi classical description of the perpendicular GMR, on the basis of a Boltzmann equation incorporating a spin-dependent transport in the presence of spin accumulation [4] (see also [5] ). Spin accumulation occurs in the GMR because the current arising from a ferromagnet is spin polarized, and therefore cannot penetrate a ferromagnet with an opposite magnetization. Instead, spin accumulates at the interface. This phenomenon occurs also at the interface between a ferromagnet and a superconductor, where a spin polarized current cannot penetrate the superconductor [6, 7, 8] . Here, we would like to reconsider two particular aspects of spin accumulation, namely, (i) in the semi classical regime, the possibility of an inverse Drude scaling of the conductance meaning that, in some parameter range, the conductance increases with the length of the conductor; and (ii) in the quantum coherent regime, the existence of a resonance in the spin flip channels. More precisely, we study a ferromagnet -normal metal -ferromagnet spin valve, in which we assume the presence of magnetic scattering in the normal metal [9, 10] . The inverse Drude scaling resulting from spin accumulation is already implicitly contained in the equations obtained by Valet and Fert [4] , but, to our knowledge, this effect has not been studied previously per se in the literature, which we do here. Spin accumulation corresponds to the presence of a different chemical potential for the spin-up and spin-down electrons, which obey a spin diffusion equation [4, 11, 12] .
Our treatment is not based on the spin diffusion equation, but relies on an exact solution of the 1D Boltzmann equation where we can make an exact decoupling between the charge and spin sectors.
Next, we ask to what extend a quantum model can show a similar physics. We are lead to study a quantum "spin-flip Fabry Perot" interferometer in which a single magnetic impurity is located at a given distance a away from a ferromagnet interface. We find the existence of a Fabry-Perot resonance in the spin-flip channels as the parameter a is varied. This resonance disappears as the ferromagnet spin polarization is decreased, and can therefore be viewed as the equivalent of the inverse Drude behavior in the quantum coherent regime. Our treatment is based on a Landauer approach, similar to the one used by Zhu and Wang to study the effect of magnetic scattering close to a superconductor interface [13] .
The article is organized as follows. Section 2 is devoted to the solution of the semi classical transport equations. We solve the "spin-flip Fabry Perot" interferometer model in section 3. Final remarks are given in the Conclusion. The "spin valve" geometry considered in section 2, consisting of a normal metal wire doped with magnetic impurities, connected to two ferromagnets with an opposite magnetization.
Boltzmann equation and boundary conditions
We consider a model in which magnetic impurities are present in a normal metal close to a ferromagnet interface (see Fig. 1 ). We neglect any Kondo correlation [14] , which is an assumption valid above the Kondo temperature. The presence of the ferromagnets close to the normal metal may lead to magnetic flux lines penetrating inside the normal metal, which can orient the magnetic impurities in a preferential direction. We implicitly assume that the temperature is high enough so that the impurities have no preferential orientation. We consider a one dimensional model because only in this geometry can we decouple the spin and charge sectors of the Boltzmann equation. We assume that the interfaces between the ferromagnets and the normal metal are sharp, and that the exchange field has a step function variation at the interface. We note f σ R,L (E, x) the semi classical distribution function of right/left moving spin-σ electrons with an energy E at position x.
The Boltzmann equation in the relaxation time approximation reads
where we have discarded the term involving the electric field. This is valid if the temperature of the electrodes is larger than the applied voltage, in which case the electronic gas has a temperature identical to the one of the electrodes [15, 16] . Therefore, we should consider a finite temperature and calculate the low voltage conductance in the regime eV ≪ T . In practise, we consider the limit T → 0, and calculate the linear conductance. The coefficients r, r s and r ′ s in Eq. 1 denote respectively the rate of backscattering without spin-flip, the rate of forward scattering with spin-flip, and the rate of backward scattering with spin-flip. The coefficients can be related to the q = 0 and q = 2k f components of the microscopic scattering potential (see the Appendix).
We now explicit the boundary conditions. For this purpose, let us consider an interface between a ferromagnet in the region x < 0 and a normal metal in the region x > 0, and include interface scattering under the form of repulsive potential Hδ(x) [17] . Let us first consider a spin-up electron incoming from the left ferromagnet, and denote by b ↑ and t ↑ the backscattering and transmission coefficients. The wave function in the region x < 0 is ψ L (x) = exp (ik ↑ x) + b ↑ exp (−ik ↑ x), and the wave function in the region x > 0 is ψ R (x) = t ↑ exp (ikx). The matching equations are ψ L (0) =
, from what we deduce
The probability current conservation can be verified easily:
conductance is found to be G ↑ = (e 2 /h)|T ↑ | 2 , with the transmission coefficient
The backscattering coefficient is B ↑ = 1 − T ↑ . In the spin-down sector, we obtain T ↓ and B ↓ by substituting k ↑ with k ↓ in Eq. 2. This provides the boundary conditions for the Boltzmann equation:
where the left and right ferromagnets are assumed to be in equilibrium and f T (E) denotes the FermiDirac distribution function. We consider T ↑ and T ↓ to be independent of energy, which amounts to considering the wave vectors k and k ↑ in Eq. 2 to be on the Fermi surface. Eqs. 3 -6 provide a simple form for the spin-up and spin-down currents at positions
The Boltzmann equation Eq. 1 and the boundary conditions Eqs. 3-6 lead to eight equations for
We now solve these equations directly and discuss their physics.
Solution of the Boltzmann equation
The 4 × 4 Boltzmann equation can block diagonalized into 2 × 2 blocks by changing variables to the charge and spin combinations
This spin-charge decoupling allows to solve exactly the Boltzmann equation. We find
with l = 1/(r + r ′ s ) the mean free path, and a = r + 2r s + r ′ s , b = r − r ′ s . The 2 × 2 block equations can be easily integrated to obtain
where t = cosh (λL) − α sinh (λL), t = cosh (λL) + α sinh (λL), and u = β sinh (λL). We used the notation α = a/λ, β = b/λ, and λ = √ a 2 − b 2 . Next, we combine the boundary conditions Eqs. [3] [4] [5] [6] to Eq. 10 to obtain an expression for f
Once injected into Eq. 11, these relations lead tô
The matrixM appearing in the left hand side of Eq. 12 iŝ
with the coefficients
The expression of A ↓ is obtained by exchanging T ↑ and T ↓ in Eq. 14. Similarly, B ↓ is obtained from B ↑ by exchanging T ↑ and T ↓ in Eq. 15.
Fully polarized limit
We first consider the solution Eq. 12 in the case of fully polarized ferromagnets with high transparency contacts: can enter the ferromagnet at x = L. This is expected on physical grounds, and it can be verified explicitly on the form Eq. 8 of the spin-down current. The total current is found to be
where we considered only the forward scattering spin flip processes (r ′ s = 0), and assumed that r s ≪ r, in which case the elastic mean free path l = 1/r is much below the spin-flip length
h r s L shows an inverse Drude behavior.
Spin polarization profile
The spin polarization profile in the diffusive wire can be calculated in a straightforward fashion from the solution of the Boltzmann equation. Once we know the distribution functions at one extremity of the wire, we can use Eqs. 9 to propagate the solution to an arbitrary point. The resulting spin polarization inside the wire is proportional to the applied voltage, and is shown on 
Effect of a partial spin polarization
Now, we consider the effect of a partial spin polarization in the ferromagnet. It is expected on physical grounds that a decreasing spin polarization tends to suppress the inverse Drude scaling because this regime is clearly absent in the spin unpolarized case. This is visible on Fig. 3 where we plotted the conductance as a function of the length of the diffusive wire for decreasing spin polarizations. With an arbitrary polarization, there exists a critical length scale L c such that the conductance increases with L below L c , and decreases with L above L c . There exists also a critical value of T ↓ such that
To illustrate this, we have shown on Fig. 4 the variations of the critical length L c as a function of the parameter T ↓ . When T ↓ increases, L c decreases: the maximum in G(L) occurs for a smaller L c . When T ↓ is above a critical value T ↓ c , the conductance decreases monotonically with L.
We now describe the effect of a partial spin polarization on the basis of a small-T ↓ expansion.
The strategy is to express the current to order L and determine whether the conductance increases or decreases with L. We expand the current to first order in the two parameters K = λL and x = L/l, and retain the coefficients of this expansion to leading order in T ↓ . It is first instructive to carry out the expansion with L = 0, and therefore K = x = 0. It is visible on Eqs. 7, 8 that a prefactor T ↑ enters the spin-up current, and a prefactor T ↓ enters the spin-down current. We should then 
leading to an identical current in both spin channels:
Now we consider a diffusive wire with a finite length L, and expand the current to first order in x and K, and to leading order in T ↓ . The determinant of the matrixM in Eq. 12 is found to be
Next we expand the spin-up current to order L to obtain
If T ↓ is small, the current increases with L while it decreases with L if T ↓ is large. The transition between these two behaviors is obtained for T ↓ c = (2r s /r)T ↑ , compatible with the behavior shown on Fig. 4. 
Replacement of one of the ferromagnets by a normal metal
We now consider the situation where we replace the left-hand-side ferromagnet on Fig. 1 by a normal metal. In the presence of high transparency contacts, the conductance of this junction is of order e 2 /h in the absence of diffusion while it is of order (e 2 /h)T ↓ in the spin valve geometry on Fig. 1. Replacing one of the ferromagnets by a normal metal is expected to suppress the inverse Drude scaling. The boundary conditions appropriate to describe this situation are
that should be solved together with Eqs. 9. The solution is found to bê
and
We have plotted on Fig. 5 the conductance of the junction with high transparency contacts, where it is visible that the conductance decreases monotonically with the length of the diffusive wire. Now, reducing the contact transparency restores a regime in which the conductance increases with the size of the diffusive wire. This is visible on Fig. 6 where we used T = 0.01 and T ↑ = 1.
Again, the inverse Drude scaling is obtained for the smallest values of T ↓ (with strongly polarized magnets).
3 Quantum coherent transport: a single magnetic impurity "spinflip Fabry Perot interferometer"
Matching equations
We now consider a single magnetic impurity at x = 0 in a normal metal, in the presence of a normal metal -ferromagnet interface at x = a (see Fig. 7 ). The purpose of this calculation is to study a model in which the interplay between multiple reflections and phase coherence is treated exactly, and The system considered in section 3. The impurity is in the normal metal at a distance a away from the ferromagnet. We have represented a quasi one dimensional geometry while the calculation is made in a one dimensional geometry.
to determine whether there exists a signature of spin accumulation in the quantum coherent regime.
We find that the quantum model behaves like a Fabry Perot interferometer, with a resonance in the spin flip channels. This can be viewed as the signature of spin accumulation in the quantum coherent regime. We neglect the Kondo effect because we want to describe a situation in which the temperature is above the Kondo temperature. The conduction electrons are scattered through the Hamiltonian H = V 0 +V 1 S i .s, where S i is the impurity spin and s the spin of the conduction electron, and we further assume a single channel geometry. This type of model has been used by Zhu and Wang [13] to investigate the effect of a magnetic impurity close to a normal metal -superconductor interface. The spin-up and spin-down wave functions are grouped in a two-component spinorψ(x).
Clearly, the impurity couples the spin-up and spin-down wave functions. The matching of the wave function at the impurity site readŝ
with λ = V 0 − V 1 /4 and µ = V 1 /2. The matching of the wave function at the ferromagnet boundary readsψ (a + ) =ψ(a − ), and
where we included a repulsive interface potential Hδ(x − a) at the normal metal -ferromagnet interface. Eqs. 23, 24 generate eight constraints, for a set of eight transmission coefficients.
This calculation amounts to a resummation to all orders of a series of diagrams in which a conduction electron scatters onto the impurity, scatters back onto the interface, scatters again onto the impurity, ... (see Fig. 8 (a) ). Note that the diagram with a hole in the intermediate state shown
on Fig. 8 (b) generates another series which is not included in the calculation. If one wanted to describe the Kondo effect close to a ferromagnet interface, it would be crucial to incorporate the diagram on Fig. 8 (b) , as well as inserting the interface scattering in this diagram. 3.2 Scattering in the total spin S z = 0 sectors
Incoming electron with a spin-up
We first consider a spin-up electron incoming on the interface while the impurity is supposed to have initially a spin down. The wave functions arê
where k ↑ and k ↓ denote the spin-up and spin-down Fermi wave vectors in the ferromagnet. In the notation of the transmission coefficients, the superscript denotes the initial and final spin orientations of the conduction electron while the subscript denotes the initial orientation of the impurity. The solution of the matching equations is straightforward, and we find the transmission coefficients
We used the notation
. The dimensionless scattering potentials in Eqs. 28, 29 are z = mλ/(h 2 k) and z ′ = mµ/(h 2 k) at the impurity site, and Z = mH/(h 2 k), Z σ = mH/(h 2 k σ ) at the normal metal -ferromagnet interface.
The denominator D in Eqs. 28, 29 is
Incoming electron with a spin-down
We consider now an incoming electron with a spin-down while the impurity has initially a spin-up.
The wave functions arê
The equations for t 
3.3 Scattering in the total spin S z = ±1 sectors
The incoming electron does not undergo spin-flip scattering in the sectors with a total spin S z = ±1.
The transmission coefficients in the sector S z = 1 is found to be
In the sector S z = −1, we have
.
We can check easily that these forms of the transmission coefficients are identical to Eq. 28, with z ′ = 0, and the replacement z → z + z ′ . This is expected since there is no spin-dependent scattering in the limit z ′ = 0 of Eq. 28. 
Landauer formula
We now evaluate the total conductance and assume that the incoming electron and impurity do not have any preferential direction. The conductance is the sum of four terms, weighted by the probability P = 1/2 to have a spin-up or spin-down impurity: G = G a high quality factor. We first choose the parameter a in such a way that spin-flip scattering is resonant. As it is visible on Figs. 9 and 10, the presence of a spin polarization in the ferromagnet generates a resonance in the conductance, not present in the unpolarized situation. We have shown the conductance with V 0 = 0 but a similar behavior has been obtained with a finite V 0 . The values of ka for which a resonance occurs can be worked out by calculating the transmission coefficients in the limit of a large z, z ′ . In this limit, we find
The resonances occur when tan (ka) = 1/(i − 2Z). For a large Z, the resonances are close to the real axis: tan (ka) = −1/(2Z), in agreement with Fig. 11 . The reason why the resonance appear to be sharp as a function of a when Z is large is that, even without spin flip scattering, the quality factor of such a resonator is large when Z is large.
The occurrence of a parameter range in which a peak occurs in the spin flip conductance is intriguing. The presence of a specific physics in the spin flip channels can be already understood from the large-z, z ′ behavior, Eqs. 40, 41. Typically, one has |t e↓→e↑ i↑
In the presence of spin flip scattering, one has z = z ′ and therefore a with [] − and [] + denoting a commutator and an anticommutator respectively. We refer the reader to Ref. [18] for an explanation of the symbols used in Eq. 42. We use the the self energy shown on Σ σ (p, R, T ) = n i dp
with n i and n ′ i the concentration of non magnetic and magnetic impurities. The first term in Eq. 43 describes non spin-flip scattering, and the second term describes spin-flip scattering. Notice that this self energy does not incorporate the Kondo effect since we do not incorporate the possibility of a having hole in the intermediate state.
We assume the self energy in Eq. 42 to be constant in space, and use the gradient expansion to first order (A ⊗ B) σ,σ ′ (X, p) ≃ Using these relations, we expand the kinetic equation Eq. 42 and integrate over energy to obtain the Boltzmann equation
In the one dimensional limit, Eq. 44 reduces to the Boltzmann equation Eq. 1, with the scattering coefficients related to the q = 0 and q = 2k f components of the scattering potential: r = n i |v 2k f | 2 , r s = n ′ i |v 0 | 2 , and r ′ s = n ′ i |v ′ 2k f | 2 .
